Abstract-
I. INTRODUCTION
A NEW LCL-resonant dc-dc converter topology suitable for unregulated low-voltage to high-voltage conversion is presented. The converter acts as a "dc transformer" in systems where power from a low-voltage source, typically batteries, must be converted to an unregulated, albeit stiff, higher intermediate voltage for use by a subsequent converter stage. In these systems, the limited energy storage capacity of the battery calls for very high efficiency in the dc-dc converter. For medium-power applications, input currents can exceed input voltages by an order of magnitude, thus presenting unique challenges for a high-efficiency design.
The basic push-pull topology used in this converter has the following advantages: 1) a single device voltage drop on the input side, where the source dc voltage is low (12-24 V) and current may be high 150 A); 2) nearly continuous power flow, keeping the peak currents down to a reasonable level; and 3) zero-voltage turn-on of switching devices due to commutation of the transformer magnetizing current [1] . With paralleled MOSFET switches, zero-voltage turn-off is provided by the inherent drain-source capacitance of the switches [7] .
In contrast to the LCL-resonant converter topologies presented previously in the literature [4] - [6] , the L-C-L resonant topology presented in this paper is unique in that the C-L resonant components are located after the output stage rectifiers. Fig. 1 depicts the converter topology.
The LCL-resonant output stage provides for a reducedcurrent turn-off of the primary switches, thus keeping the trapped primary leakage energy to a minimum. In effect, the LCL circuit acts as a "tuned" output filter for the converter. In addition, the resonant capacitor effectively snubs the rectifier diodes' reverse-recovery transients. A unique coaxially wound transformer [2] provides extremely low interprimary leakage inductance and resistance. With inherently thermally stable resonant properties, a fixed-frequency, fixed-duty-cycle openloop control is all that is required for converter operation. In tests, the converter has exhibited an input current-frequency product of 4.2 A MHz.
The following sections cover converter topology and operation, computer simulations, experimental results, and conclusions.
II. LCL-RESONANT PUSH-PULL CONVERTER TOPOLOGY
The switches and in Fig. 1 each represent several ultralow MOSFET's in parallel. These devices share current well and provide high-efficiency switching with excellent surge capability. Fig. 2 depicts the modeling of the coaxial transformer used in the converter prototype.
The coaxially wound transformer has a two-turn centertapped primary winding (one turn each). Due to its design, the primary-side leakage inductance is extremely low and, so, all leakage inductance can be considered to be limited to the secondary side of the transformer The leakage field is confined to the internal space surrounding the secondary turns, and any flux in the ferrite cores is, by structure, mutual flux [3] . Since the leakage flux of the transformer does not pass through the transformer core, there is no saturation of the leakage inductance. Thus, the LCL resonance point will not change with transformer loading.
The final C-L components (located after the full-wave rectifier) resonate with the leakage of the transformer at 0093-9994/98$10.00 © 1998 IEEE twice the switching frequency of and By using a good quality (highly stable) capacitor for and an aircore inductor for the LCL resonant frequency will remain constant over the entire range of converter loading. With high-frequency switching (25-50 kHz), the transformer and resonant components are kept relatively small.
Although the primary-side leakage is assumed zero for the following fundamental mode analysis, some energy is actually trapped in this leakage inductance (equal to and must be dissipated by avalanching the body diodes of the MOSFET's. This trapped energy is significant, due to the high primary current of the converter, and will be addressed in a later section. The avalanche action of the MOSFET body diodes can be neglected for the purposes of understanding the basic operation of the resonant circuit.
A. Fundamental Modes of Operation
In general, the converter operates in conventional push-pull fashion, with the switches each running at 50% duty cycle, 180 out of phase. The net effect is a square-wave voltage impressed across the primary of the transformer During switch commutation, the magnetizing current of the transformer will flow through the body diodes of the MOSFET's, leading to a zero-voltage turn-on. The output stage is a conventional full-wave rectifier, with the exception of the additional and resonant components, which along with the leakage of the transformer form the LCL-resonant circuit.
The converter has four fundamental modes of operation, as depicted in Fig. 3(a)-(d) , where damping has been ignored. Note that Mode 1 begins when turns off and turns on (zero deadtime assumed). Equivalent circuit models for each mode are also shown in the figures, in which where is the transformer turns ratio. In normal operation, Modes 1 and 3 represent brief switching transitions wherein the transformer magnetizing current is commutated. The majority of the power flow occurs in Modes 2 and 4.
B. Mode Equations
For each of the four modes in Fig. 3 , closed-form equations for circuit operation are found; damping has been ignored. These equations are listed below. Initial inductor currents and capacitor voltage at the start of each mode (when the input MOSFET's and/or output rectifiers switch) are designated as and respectively. These initial conditions are found from the end values of the previous mode. Note that the terms and are redefined for each mode.
Mode 1
Off, On, :
Mode 2 On, Off, :
(8)
(10)
Mode 3
(15) 
Although the mathematical representation of the LCL resonance is fairly complex, the design and operation of the converter is relatively straightforward in practice.
C. Resonance Frequency Range
With a given transformer and its leakage inductance, the resonance frequency of the LCL tank can be calculated for a range of and components using (22). The contour for is shown in Figs Table I .
As can be seen in Fig. 5 , for a given transformer leakage and desired switching frequency, there is a range of viable and component values. The switching frequency of the converter prototype was 25 kHz. The resulting 50 kHz LCL resonance was accomplished with 1 F, and 27 H.
D. Design Considerations
In practice, once the input/output voltages and power levels of the converter are defined, a suitable transformer would be designed; size and weight are traded off with switching frequency and efficiency. The transformer constructed for the prototype converter utilized cut-toroidal ferrite cores. The the two primary windings. A separate balancing mechanism was not required.
The leakage inductance of the transformer is then determined and, for a desired switching frequency a range of and components can be found using (22), where While it is difficult to extract exact design metrics from the mode equations listed previously, it can be observed qualitatively that larger values of will result in smaller deviations of and, thus, will reduce the voltage stress on the output rectifier diodes. This is traded off with higher ripple currents in both and Conversely, larger values of will reduce output ripple current at the cost of higher voltage deviations across
In considering the depth of the resonance, the savings in turn-off loss obtained by minimizing the turn-off current must be weighed against higher conduction losses that will accompany higher peak resonance currents.
While any combination of and that satisfies (22) will work in theory, there is a limited selection of component values available. This will be particularly true for the resonant capacitor
In general, circuit simulations should be used to evaluate which and values are optimal for each application. Resonant components with tight tolerances are not necessary, as the switching frequency of the converter can be easily "tuned" to match the resonance of the LCL tank.
III. CONVERTER SIMULATIONS
Several time-based computer simulations were created to study the converter's operation under constant load conditions. The circuit parameters used in the simulations were set to match those of a prototype converter tested in the lab (see Section IV), and are listed in Table I . Refer to Fig. 2 for details on the transformer.
It should be noted that accurate computer simulations of the converter are invaluable, in that they allow access to circuit voltages and currents that are inaccessible with the actual hardware, i.e., the primary side currents of the converter where low-leakage packaging prohibits the use of a current probe.
A. Matlab Simulations
To simulate the fundamental operation of the converter, a time-based simulation was created in Matlab, where circuit operation was modeled via the differential equations for each of the four modes of operation. These differential equations include damping [lumped to the secondary side, see The differential equations for the other modes of operation are similarly formed. Note that, other than leakage inductance, the transformer is considered ideal, with
To evaluate the validity of (22), which does not account for damping, the LCL resonance frequency was determined from the eigenvalues of the Mode 2 differential equations (27)- (29) as 48.2 kHz. Comparing this to 48.4 kHz from (22), it can be concluded that (22) is sufficiently accurate for purposes of design.
Figs. 6-10 depict the simulated converter operation under full-load operation. In Fig. 6 , note that the transformer voltage and current are in phase and transformer current is approximately sinusoidal, thus, transformer utilization is good. Note also that switching occurs at the minimum of the current oscillation, thus reducing the energy trapped in the primary leakage inductance. This has proven to be the most efficient operating point for the converter and is further discussed in Section III-B.
Figs. 7 and 8 depict the full-load waveforms of the resonant capacitor and inductor As can be seen, the capacitor voltage and inductor current oscillate about average dc offsets. Also, it can be seen that the resonant waveforms are relatively free of high-frequency harmonics that tend to incur higher losses. Fig. 9 depicts the voltage and current waveforms of the switches. Note that the off voltage imposed across the switches is twice that of the supply voltage, as is characteristic of push-pull converters. Fig. 10 depicts the input and output power waveforms. It can be seen that the input power is discontinuous in nature, thus, the converter must include sufficient decoupling capacitance at the input to supply the resultant ripple current. The brief reverse-direction supply current "spike" produced during the switch transition Modes 1 and 3 is, thus, absorbed by these decoupling capacitors and not the supply. When primary-side leakage inductance is included in simulations, the amplitude of the reverse current is greatly reduced.
As will be seen, the simple models used in the Matlab simulation accurately reproduce the fundamental operation of the converter as observed in the laboratory. This acts to verify the analysis of Section II and lends credence to the converter design considerations, specifically, the resonance frequency given by (22). 
B. Saber Simulations
To more accurately simulate the switching transitions and loss mechanisms of the circuit, circuit simulations were performed using the Saber simulation software. The circuit model used is depicted in Fig. 11 .
While detailed Saber models for the MOSFET switches are available, it was found that these models significantly slowed the simulation and offered little additional insight into the operation of the converter. Thus, ideal switches with series resistance and an antiparallel zener diode were used to model the switches. These were found to be computationally efficient, while accurately reproducing results seen in laboratory tests. Note that all of the Saber simulations were done with an input voltage of 12 V and a switching frequency of 25 kHz, unless otherwise stated. Fig. 15 that, when turns off, the current immediately transfers to the body diode of can now be gated on under ZVS conditions. After the load current is driven toward zero, there is a long "tail" of diode current. This is the magnetizing current of the transformer being commutated. Once the diode current reaches zero, the current in begins to ramp up and the cycle continues. To demonstrate the effects of switching frequency on converter operation, Saber simulations were repeated for a range of switching frequencies. For these simulations, a fixed output load resistance of 30 was used. In addition, the transformer model was refined to include the primary-side leakage inductances, as depicted in Fig. 2(a). Figs. 18-21 depict the results.
Actual circuit operation differs slightly from that shown in Fig. 15 . A more detailed analysis shows that the sharp triangular current pulse labeled at the beginning of mode 1 (as MOSFET is turned off) would, in fact, be the current flowing in the avalanched body diode of
The source (battery) current decreases from its mode 4 value toward zero The sharp change in avalanche diode power loss can be understood by noting that the energy dissipated is always equal to the energy stored in the primary side leakage inductance regardless of the avalanche voltage. Furthermore, the current is dramatically less at the tuned frequency. Thus, if the switching frequency is moved to a frequency which is not correctly tuned to the circuit, then the switch turn-off point is no longer at the minimum of the current resonance, and there is a corresponding dramatic increase in loss.
It will be shown in the next section that both the Matlab and Saber simulations accurately predict the fundamental operation of the LCL-resonant converter as seen in the laboratory. The detailed circuit-based nature of the Saber simulation allows for greater insight into the loss mechanisms of the design than either Matlab simulation or physical experiments.
IV. EXPERIMENTAL RESULTS
A 12-V input 2-kW converter was built and tested in the lab. Figs. 22 and 23 show the transformer secondary voltage and current waveforms. Comparing Fig. 22 to the computer simulation results (Figs. 6 and 12), it can be seen that the analysis and modeling of the converter accurately reproduces the operation of the converter in the laboratory. Note that the switching frequency of the converter was adjusted to obtain the maximum efficiency point.
In Fig. 23 , it can be seen that the power flow exhibits a low "crest factor," thus, peak source currents are minimized.
The converter has been successfully tested with a surge load of 5 kW for 1 s. Table II lists the experimental results and compares them to the results of the Saber simulation. From Table II , it can be seen that the converter exhibits excellent full-load efficiency and that the Saber simulation results agree closely with the laboratory results. 
V. CONCLUSIONS
The LCL-resonant topology presented is ideally suited for unregulated dc-dc conversion from a low-voltage high-current source, as it provides very high efficiency with simple operation.
• The circuit exhibits ZVS for the MOSFET switches and capacitively snubbed operation for the output rectifiers. The LCL resonance reduces the energy trapped in the primary leakage inductance at turn-off, minimizing the avalanche energy dissipated in the MOSFET body diodes.
• The maximum efficiency operating point was found to occur with the switching frequency at nearly one-half the resonant tank natural frequency (subresonant operation).
Resonant components can then be readily determined given the lumped leakage inductance of the transformer and the desired switching frequency.
• Laboratory tests have shown that this converter is easily "tuned" for maximum efficiency by adjusting the switching frequency for maximum output power. The converter has exhibited an input current-frequency product of 4.2 A MHz.
• Fundamental mode analysis and circuit simulations agree well with experimental results. Thus, converter operation is well characterized and predictable.
